A new axial method for measuring the friction coefficient with the atomic force microscope is given. This axial method requires no calibration steps and is performed simultaneously with a normal force measurement by measuring the difference between the constant compliance slopes of the extend and retract force curves. The algorithm can be applied retrospectively to extract the friction coefficient from preexisting force measurements. Results are in quantitative agreement with the more established lateral method. The method can be used for both tipped cantilevers and for attached spherical probes.
Introduction
The atomic force microscope, (AFM), has been extensively used in lateral scanning mode to measure or to image friction qualitatively. Comparatively fewer quantitative measurements have been made due to the difficulty in calibrating the torsional spring constant of the cantilever and the voltage response of the photodiode to cantilever twist. (See Ref. [1] for a critical review of calibration techniques.) The main methods that have proved quantitatively reliable [2, 3, 4, 5, 6] all involve an ex situ calibration that is separate to the friction measurement, and they all require special modifications to the substrate or to the cantilever, and very particular care in reassembling the cell for the actual measurement to preserve the calibration parameters.
Here a simple method for quantitatively measuring the friction coefficient with the AFM is presented and shown to be reliable by comparison with lateral measurements. The friction coefficient is measured when the colloid probe slides in the axial direction of the AFM cantilever, similar to earlier suggestions [7, 8, 9, 10] , but here only a normal AFM force measurement need be performed. The friction coefficient is extracted from the change in slope of the constant compliance regions. This new axial friction method requires no extra calibration beyond that of a normal force measurement.
The method exploits the fact that the AFM cantilever is pitched at an angle of about 10 • to the substrate, which causes the probe to slide in the axial direction as the substrate is driven upwards. The amount of axial sliding can be substantial, of the order of 50-100% of the vertical motion, depending upon the size of the probe and length of the cantilever, (see Eq. (4) below). This sliding causes a friction force in the axial direction that in turn exerts a torque on the tip of the probe, causing a bend in the cantilever in addition to that due to the vertical surface force. [9] The friction force reverses direction when the piezo-drive changes from extend to retract, and -800 -700 -600 -500 Figure 1 . Cantilever deflection for a silica colloid probe of diameter (a) 36 µm, (b) 16 µm, and (c) no attached probe. The difference in the constant compliance slopes on the extend and the retract branches when the surfaces are in contact is due to sliding friction.
the difference in torque changes the amount by which the cantilever is bent at a given point on the two branches. Hence the slopes of the extend and retract constant compliance lines are different. This effect is shown in Fig. 1 , where it can be seen that a measurable difference in the slopes occur. The effect is larger for larger probes due to the greater torque that the friction force exerts. Usually this discrepancy in slopes is ignored, and typically one chooses one or other as the constant compliance factor to convert the vertical photo-diode voltage into cantilever deflection and thence into force. Our method exploits the difference in slopes to obtain the friction coefficient, as well as the correct calibration factor for the force conversion.
The results below are based upon the analysis and geometry given previously [9, 10, 11] . The model, (see Fig. 1 ), consists of a rigid tip, (or colloid probe), of length L 2 attached at a point L 1 + L 0 from the fixed base of the cantilever, where L 0 is the length of the flexible part of the cantilever, and L 1 is the length of the rigid base of the tip, (or the extent of the glue attaching the probe). Usually, L 0 L 2 ≈> L 1 . The cantilever makes an angle θ 0 < 0 to the horizontal. Although not required here, for force measurement in general one should take into account the length used to measure the spring constant of the cantilever, L cal . If the resonance method is used [12] , this is the length of the cantilever at which the masses are attached. If the thermal method is used [13, 14, 15, 16] , it is the full length of the cantilever. The effective spring constant that should be used to obtain the normal force in an AFM measurement is [9, 10] 
where k cal is the calibrated spring constant. Note the very strong dependence on the lengths; in a typical situation the effective spring constant can be a factor of two greater than the calibrated one. Existing force measurements reported in the literature should be corrected by this factor. The friction coefficients were extracted from the difference between the extend and the retract constant compliance slopes, each of which represents an average value over the contact part of the force curve. The friction coefficients so obtained were then averaged over 10-15 force measurements, and the standard error on the mean obtained from these is reported below.
Experimental Method
For comparison, lateral friction measurements were made for the same set-ups as for the force measurements. Prior to the experiments, the lateral calibration was performed using a combination of the methods of Bogdanovic et al. [4] and of Feiler et al. [5] The cantilever to be calibrated was deflected and twisted by pressing it off-center with the tip of a tipped cantilever glued tip-up on the substrate, and this gave rise to a lateral deflection signal in the detector [4] . The ratio of the vertical and the lateral signals together with the lateral off-set distance was used to obtain the lateral calibration factor [5] .
Analysis Method
Based upon the geometry shown in Fig. 1 and the analysis in Refs. [9, 10] , the following constant are defined,
and also,
In terms of these, the ratio of the horizontal axial motion of the probe on the substrate y 2 to the vertical piezo-drive distance z 2 , which is also equal to the ratio of the velocities, is
If ∆V is the change in photodiode voltage, and if α ± = ∆z 2 /∆V ± , (nm/V), are the measured slopes of the constant compliance lines on extension (+) and on retraction (−), then one defines
The friction coefficient, which is the ratio of the horizontal friction force to the vertical surface force or load, µ = |F y /F z |, is given by
Note that the spring constant of the cantilever was not required for this result. In this work we will not deal with surface forces directly. But for completeness the constant factor necessary to convert from the measured photo-diode voltage to surface force,
with the conversion factor for the change in angle of the cantilever being χ = 2d(α −1 Figure 2 shows the measured constant compliance factors for the two probes in a number of experiments. The factor is larger for extension than for retraction. To put it another way, the rate of increase of detector voltage with piezo-drive distance, which is the slope, is less for extension than for retraction. This is because the torque due to the increasing friction force opposes the increasing cantilever bend on extension, whilst it enhances the bending on retraction. The relative difference between the measured constant compliances on each branch is on average 10% for the large probe and 4% for the small probe. That the effect of friction is greater for larger attached probes is consistent with the data graphically displayed in Fig. 1 . Figure 3 shows the friction coefficient obtained from the constant compliance measurements, Eq. (6). The average value of the friction coefficient obtained in the axial measurements is in good agreement for the large and for the small probe, being 0.27±0.01 and 0.29±0.03, respectively. This is an important result since the diameter of the probe, the cantilever, and the placement of the probe on the cantilever were different for the two cases, as was the change in the slopes of the constant compliance lines, Fig. 2 . That Eq. (6) properly accounts for these differences and yields a consistent value for the friction coefficient is strong evidence for the validity of the method. The mutual agreement between the value of the friction coefficient obtained with the axial method, (µ = 0.28), and that obtained with the lateral method, (µ = 0.31, large probe, F z ≥ 60 nN, 20 friction loops, 5 loads), also confirms the validity of both methods. The lateral method shows a friction coefficient that increases with decreasing load at smaller loads for both the small and for the large sphere. This illustrates the importance of using the slope of the most linear part of the constant compliance curve to measure the friction coefficient.
For the large probe in Fig. 3 , the piezo-drive velocity was 1.8 µm/s and, from Eq. (4), the axial sliding velocity was 1.4 µm/s. For the small probe the piezo-drive velocity was 5.4 µm/s and the axial sliding velocity was 2.3 µm/s. The sliding speed in the lateral measurement was 2 µm/s. Based on this and unpublished data, the friction coefficient does not appear very sensitive to the speed in this regime. It is worth emphasizing one more conclusion from the data in Fig. 3 : that the friction coefficient is here independent of the diameter of the colloid probe justifies by induction the science of nanotribology itself, since it validates measurements performed with colloidal-sized probes being extrapolated to macroscopic surfaces.
Discussion
There are several restrictions on the present axial method for measuring the friction coefficient. The method is very sensitive to the difference in the measured slopes, and care must be taken to select the most linear part of the contact curve. Repeat measurements to average out noise and the effects of roughness are also necessary. One has ensure that the measured hysteresis between the extend and the retract curves is due to friction. Accordingly, the actual piezo-drive position has to be known accurately, preferably measured in situ with a position sensitive detector, either built in to the AFM, (as is done in the results reported here), or else as an added attachment [17, 18, 19, 20] . Similarly, the method cannot be used for viscoelastic materials where the hysteresis between extension and retraction is due to material relaxation rather than to friction [1, 19, 21] . (There does not appear to be any restriction on using the method for elastically deformable probes or substrates [1] .) The relative change in slope is larger for larger probes, and so the method is less accurate or requires more repeat measurements for small colloid probes.
Despite these restrictions, the present axial method has much to recommend it. It is quick, convenient, and requires no calibration. It can be performed during the course of a normal force measurement, and it can even be applied retrospectively to pre-existing data. The hysteresis is larger for larger probes, and the consequent ambiguity in the constant compliance slopes has in the past caused problems for normal force measurements. However, the present Eq. (7) now gives the correct calibration factor for this case, and in addition the friction data is commensurately more reliable for large probes because the difference in slopes is larger than the noise. The present results for silica sliding on mica showed reasonable agreement between the axial and lateral friction coefficients. It was also concluded that the friction coefficient was independent of the radius of curvature of the probe. This conclusion validates the application of nanotribological measurements to macroscopic surfaces.
